
Insulin Inhibits Lipolysis in Adipocytes via the Evolutionarily
Conserved mTORC1-Egr1-ATGL-Mediated Pathway

Partha Chakrabarti,* Ju Youn Kim,* Maneet Singh, Yu-Kyong Shin, Jessica Kim, Joerg Kumbrink, Yuanyuan Wu, Mi-Jeong Lee,
Kathrin H. Kirsch, Susan K. Fried, Konstantin V. Kandror

Boston University School of Medicine, Boston, Massachusetts, USA

One of the basic functions of insulin in the body is to inhibit lipolysis in adipocytes. Recently, we have found that insulin inhibits
lipolysis and promotes triglyceride storage by decreasing transcription of adipose triglyceride lipase via the mTORC1-mediated
pathway (P. Chakrabarti et al., Diabetes 59:775–781, 2010), although the mechanism of this effect remained unknown. Here, we
used a genetic screen in Saccharomyces cerevisiae in order to identify a transcription factor that mediates the effect of Tor1 on
the expression of the ATGL ortholog in yeast. This factor, Msn4p, has homologues in mammalian cells that form a family of early
growth response transcription factors. One member of the family, Egr1, is induced by insulin and nutrients and directly inhibits
activity of the ATGL promoter in vitro and expression of ATGL in cultured adipocytes. Feeding animals a high-fat diet increases
the activity of mTORC1 and the expression of Egr1 while decreasing ATGL levels in epididymal fat. We suggest that the evolu-
tionarily conserved mTORC1-Egr1-ATGL regulatory pathway represents an important component of the antilipolytic effect of
insulin in the mammalian organism.

Current epidemics of metabolic diseases, such as type 2 diabe-
tes, cardiac dysfunction, hypertension, hepatic steatosis, etc.,

are largely caused by widespread obesity. Although obesity can
affect human health via several different mechanisms, the best-
established connection between obesity and metabolic disease is
elevated and/or dysregulated levels of circulating free fatty acids
(FFA). In addition to their direct pathological effects, superfluous
FFA accumulate in the form of lipids, and their metabolic prod-
ucts in nonadipose peripheral tissues, such as liver, skeletal mus-
cle, heart, and pancreas and cause detrimental effects on human
health via mechanisms that are currently under intense investiga-
tion (1–5).

The levels of circulating FFA depend primarily on the rates of
lipolysis in the adipose tissue. One of the key physiological func-
tions of insulin as the major anabolic hormone in the body is to
restrain lipolysis and to promote fat storage in adipose tissue in the
postprandial state. The failure of insulin to suppress lipolysis in
adipocytes has been long considered as a very serious metabolic
defect and one of the most important if not the most important
causative factor of insulin resistance and diabetes mellitus (6, 7).

Complete hydrolysis of triglycerides to glycerol and fatty acids
is performed jointly by tri-, di-, and monoacylglyceride lipases (8–
11). The recently discovered enzyme, adipose triglyceride lipase
(ATGL; also known as desnutrin, PNPLA2, TTS2.2, and iPLA2�)
(12–14), is responsible for the bulk of triacylglycerol hydrolase activ-
ity in various cells and represents the rate-limiting lipolytic enzyme.
In every experimental model tested thus far, elevated ATGL expres-
sion increases, while attenuated ATGL expression decreases, both
basal and cAMP-stimulated lipolysis (12–22). At the same time,
ATGL has low affinity to di- and monoacylglycerides (8, 9). The ma-
jor diacylglyceride lipase in adipocytes is hormone-sensitive lipase
(HSL). Monoacylglyceride products of HSL are hydrolyzed by
monoacylglyceride lipase (8, 9).

According to current views, lipolysis is regulated primarily at
the posttranslational level with the cyclic AMP (cAMP)-mediated
signaling pathway playing the key role in this process. Briefly,
phosphorylation of perilipin and HSL by protein kinase A leads to

the recruitment of HSL to the lipid droplet and activation of the
enzyme. At the same time, a protein cofactor of ATGL, CGI-58,
dissociates from phosphorylated perilipin and activates ATGL
(10). Jointly, both processes rapidly and significantly stimulate
lipolysis. Within this model, the inhibitory effect of insulin on
lipolysis is attributed primarily to the inhibition of cAMP-medi-
ated signaling to HSL via Akt-dependent (9, 23) and -independent
(24) mechanisms.

However, in order to have a lasting effect on lipolysis, insulin
has to suppress its rate-limiting enzyme, ATGL. Indeed, regula-
tion of lipolysis in vivo by physiological stimuli, such as insulin,
physical exercise, feeding, and fasting (13, 19, 25–29), are accom-
panied and likely to be mediated by changes in ATGL expression.
Thus, not only posttranslational regulation of the enzymatic ac-
tivity but also tight control of ATGL expression is necessary for the
lipolytic control and FFA homeostasis. However, unlike post-
translational regulation that has been studied in much detail (8–
11), very little is known about regulation of ATGL expression.

In order to fill this gap, we initiated a search for the pathways that
regulate expression of ATGL by nutrients and insulin. We have found
two novel pathways: the mTORC1-mediated pathway that inhibits
lipolysis by decreasing transcription of ATGL (22) and the Sirt1/
FoxO1-mediated pathway that activates lipolysis by increasing tran-
scription of ATGL (30, 31). Since FoxO1 directly binds to and stim-
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ulates the activity of the ATGL promoter (30), the mechanism of its
action seems evident. However, the mechanism of mTORC1 action
on transcription of ATGL remained obscure. Importantly, a similar
regulatory link between dTORC1 and the ATGL homologue, Brum-
mer, exists in Drosophila (32, 33). Conservation of this regulatory
pathway in the evolution suggests that it plays an essential role in
animal physiology and makes it an attractive target for investigation.
Here, we report that mTORC1 suppresses lipolysis in cultured adi-
pocytes via the immediate-early response transcription factor Egr1
that directly inhibits ATGL gene expression.

MATERIALS AND METHODS
Antibodies. Polyclonal antibodies against ATGL and perilipin were from
Cell Signaling (Beverly, MA). Polyclonal antibody against Egr1 (sc110)
was from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-
�-actin antibody was from Sigma (St. Louis, MO). A rabbit polyclonal
antibody against cellugyrin was described previously (34). Polyclonal an-
tibody against perilipin and all phospho-specific antibodies were from
Cell Signaling (Beverly, MA).

Yeast strains and media. The Saccharomyces cerevisiae wild-type
strain BY4742 (MAT� his3�1 leu2�0 lys2�0 ura3�0) and single gene
deletion mutants (Invitrogen yeast gene deletion library) were cultured in
YP medium (1% yeast extract and 2% peptone containing 2% glucose as
a carbon source) at 30°C with rotational shaking at 200 rpm.

Cell culture. 3T3-L1 preadipocytes were cultured, differentiated, and
maintained as described previously (34). HEK 293T cells and mouse em-
bryonic fibroblasts (MEFs) were grown in Dulbecco modified Eagle me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS) in 2
mM L-glutamine, 100 U of penicillin/ml, and 100 �g of streptomycin/ml.

Animals and procedures. Age-matched, 8-week-old C57/BL6 male
mice were purchased from Jackson Laboratory, maintained at three mice
per cage at a controlled temperature (22°C) and a 12-h light-dark cycle
(light on from 7 a.m. to 5 p.m.), and allowed free access to food and water.
At 10 weeks of age, the mice were fed under either high-fat (HF; 45% of
calories from fat, mainly as lard) or low-fat (LF; 10% of calories from fat)
diets for 14 weeks. Both diets were purchased from Research Diets, Inc.
(New Brunswick, NJ). Body weights were recorded weekly. At the end of
the LF/HF feeding and after a 4-h fast, the mice were decapitated after CO2

anesthesia, and the fat pads were dissected rapidly, divided into aliquots in
�100-mg pieces, snap-frozen in liquid nitrogen, and stored at �80°C. All
procedures were approved by the Boston University Medical Center An-
imal Care and Use Committee.

Transient transfections and reporter gene assays. ATGL promoter
luciferase constructs (25) and pcDNA3 expression plasmids for EGR1 and
EGR2 (35) have been described earlier. Transient transfections with
cDNA were performed using Lipofectamine 2000 (Invitrogen Life Tech-
nologies, Grand Island, NY) according to the manufacturer’s instructions.
Briefly, ca. 80% confluent HEK293T cells or ca. 50% confluent MEFs were
transfected with 500 ng of luciferase reporter constructs, 500 ng of Egr1
cDNA, 500 ng of Egr2 cDNA, and 100 ng of enhanced green fluorescent
protein (eGFP) cDNA in a six-well plate format. All experiments were
performed in triplicate. After 48 h of transfection, the cells were harvested
in reporter lysis buffer (Promega). The luciferase activity was determined
in whole-cell lysates using a Promega luciferase assay kit and is expressed
as relative light units. The expression of eGFP was measured fluorometri-
cally. Firefly luciferase was normalized by eGFP fluorescence to correct for
transfection efficiency.

Site-directed mutagenesis. The consensus Egr1 binding site in the
ATGL promoter was identified by using the MatInspector promoter anal-
ysis tool (Genomatix Software, Ann Arbor, MI), and conserved nucleo-
tides �44, �42, �41, �40, and �36 were replaced by T’s using a
QuikChange II-XL site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA). Primers m1 and m2 for site-directed mutagenesis were
synthesized by Eurofins MWG Operon, Huntsville, AL: m1, 5=-CAAA
ATTCTGAGCCAGGCGCCCtGtttTCAtCCGCACTAAAACACCTC

CTC-3=; and m2, 5=-CTTACGCGTGCTAGCGCCCtGtttTCAtCCGCAC
TAAAACACCTCCTC-3= (mutations are indicated in lowercase and under-
lined). The ATGL promoter constructs 2979/�21 and �48/�21 were used as
templates for the PCR to produce mutations. The nucleotide sequence of all
mutant constructs was confirmed by sequencing.

Adenoviral infection of 3T3-L1 adipocytes. Egr1 cDNA in the adeno-
viral vector was kindly provided by E. Hofer (Medical University of Vi-
enna, Vienna, Austria) (36). Differentiated 3T3-L1 adipocytes cultured in
DMEM with 2% FBS in 6-cm plates were infected with AdEGR1 at a
multiplicity of infection of 4,000. After 48 and 72 h, the cells were lysed
and analyzed by Western blotting. Control cells underwent similar treat-
ments with GFP cDNA in the adenoviral vector (kindly provided by A. S.
Greenberg, Tufts University Medical School, Boston, MA).

RNA extraction and quantitative PCR. Total RNA was extracted
from the yeast cells by using acid phenol (Ambion) and from differenti-
ated 3T3-L1 cells by using TRIzol reagent (Invitrogen). Reverse transcrip-
tion of 500 ng of total RNA was performed using random decamers
(RETROscript kit; Ambion, Austin, TX), and the gene expression was
determined by quantitative PCR (MX4000 Multiplex qPCR system; Strat-
agene, La Jolla, CA). Reactions were performed in triplicate in a total
volume of 25 �l containing 2.5 �l of 1:10-diluted cDNA, 1	 SYBR green
master mix (Brilliant II SYBR green qPCR Master Mix; Stratagene), and
gene-specific primers. Gene expression was normalized by Act1 for yeast
cells and by GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or
36B4 for 3T3-L1 cells. Gene expression was measured by using the ��CT

method. DNase-treated samples and no-template controls were analyzed
in parallel experiments to confirm specificity. Primer sequences are avail-
able upon request.

Lipolysis assay. Differentiated 3T3-L1 adipocytes were incubated in
phenol red-free DMEM with 2% fatty acid-free bovine serum albumin
(BSA) for 1 h at 37°C in the presence or absence of 10 �M isoproterenol.
The glycerol content in the medium was measured colorimetrically at 540
nm by using a triglyceride (GPO) reagent set (Pointe Scientific, Canton,
MI) against a set of glycerol standards. The cells were then washed with
cold phosphate-buffered saline (PBS) and lysed in 1% Triton X-100 buf-
fer, and the protein concentration was determined and used to normalize
glycerol release. All experiments were carried out in triplicate.

ChIP. Chromatin immunoprecipitation (ChIP) studies were carried
out in 3T3-L1 adipocytes using an EZ-chIP kit (Millipore) according to
the manufacturer’s instructions. Briefly, proteins were cross-linked to
DNA by 18.5% formaldehyde, lysed in sodium dodecyl sulfate (SDS) lysis
buffer, and sonicated seven times for 15 s. Egr1 proteins were then immu-
noprecipitated from the precleared lysates. Protein-DNA complexes were
eluted, and the cross-links were reversed. Purified DNA was subjected to
PCR to amplify the region between nucleotides �102 and �21 of the
ATGL promoter using the following primers: 5=-CGGCGGAGGCGGAG
ACGCT-3= and 5=-TCCCTGCTTGATCCAGTTGGAT-3=. For all PCRs,
10% input was used.

Gel electrophoresis and Western blotting. Proteins were separated in
SDS-polyacrylamide gels and transferred to Immobilon-P membranes
(Millipore Corp., Bedford, MA) in 25 mM Tris and 192 mM glycine. After
transfer, the membrane was blocked with 10% nonfat milk in PBS with
0.5% Tween 20 for 2 h. The blots were probed overnight with specific
primary antibodies at 4°C, followed by 1 h of incubation at room temper-
ature with horseradish peroxidase-conjugated secondary antibodies
(Sigma). Protein bands were detected with an enhanced chemilumines-
cence substrate kit (Perkin-Elmer Life Sciences, Boston, MA) using a
Kodak Image Station 440CF (Eastman Kodak, Rochester, NY).

Statistics. A Student paired two-tailed t test was used to evaluate the
statistical significance of the results.

RESULTS AND DISCUSSION

Previously, we found that the activation of mTORC1 suppresses
ATGL gene expression and lipolysis, whereas the inhibition of
mTORC1 has the opposite effect (22). In order to dissect the
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mechanism of mTORC1 action, we expressed several truncated
mutants of the ATGL promoter linked to the luciferase cDNA (25)
in wild-type and TSC2�/� MEFs that have hyperactive mTORC1
(37). In agreement with our previous observations (22), the ex-
pression of luciferase driven by the full-size ATGL promoter is
suppressed in TSC2�/� MEFs (Fig. 1). Interestingly, the negative
effect of mTORC1 on transcription of the reporter gene is main-
tained even in the case of the shortest ATGL promoter that in-
cludes only the proximal 48 bp (Fig. 1). This suggests that neither
of the transcription factors that are known to control ATGL ex-
pression, namely, peroxisome proliferator-activated receptor 

(PPAR
) (25, 38–40), FoxO1 (30), and interferon regulatory fac-
tor 4 (41), play a major role in mediating the effect of mTORC1
because their binding sites are located between 1 and 3 kb up-
stream of the transcription initiation site (data not shown).

In order to search for a mechanism of mTORC1 action, we turned
to yeast. ATGL has a functional ortholog in S. cerevisiae, a triglyceride
lipase called Tgl4p (21). In order to determine whether or not the
expression of Tgl4 is regulated via the Tor1-mediated pathway, we

grew S. cerevisiae in the absence and in the presence of the specific
Tor1/mTORC1 inhibitor, rapamycin, for 30 and 90 min and deter-
mined the expression levels of mRNA for Tgl4p and two related
lipases, Tgl3p and Tgl5p, by qPCR. As shown in Fig. 2A, rapamycin
strongly and specifically increased expression of Tgl4p mRNA. Thus,
the transcriptional control of ATGL expression by mTORC1 should
be essential for regulation of metabolism, or it would not be con-
served in evolution from yeast (Fig. 2A) through Drosophila (32, 33)
to mammals (22).

To determine which transcription factors specifically control
the expression of Tgl4, we screened the S. cerevisiae deletion li-
brary. It turned out that the deletion of Msn4 not only elevated the
basal expression level of Tgl4 (Fig. 2B) but also dramatically in-
hibited the effect of rapamycin on Tgl4 expression (Fig. 2C). Still,
rapamycin had a small positive effect on Tgl4 expression even in
the absence of Msn4 (Fig. 2C), suggesting that not all effects of
TOR1 on Tgl4 are mediated by Msn4.

Mammalian homologues of Msn4p form a family of early
growth response factors with the best-studied members called

FIG 1 mTORC1 suppresses ATGL promoter activity. Wild-type (WT) and TSC2�/� MEFs were transiently transfected with different lengths of mouse ATGL
luciferase promoter constructs, as indicated, together with eGFP. After 48 h, the cells were washed three times in cold PBS and harvested in the reporter lysis
buffer. The absolute luciferase activity (A) and the relative luciferase activity (B) in cell lysates was assayed as described in Materials and Methods and normalized
based on the eGFP fluorescence. Experiments were repeated four times, and data are presented for triplicate samples as means � the standard deviations (SD).
**, P � 0.01.

FIG 2 Yeast TGL4 expression is regulated by the Tor1-Msn4 pathway. (A) Wild-type yeast cells were incubated with 50 nM rapamycin (Rap) for the indicated
times. mRNA expression levels for Tgl3, Tgl4, and Tgl5 were determined in triplicate samples by quantitative PCR and normalized based on the Act1 mRNA
levels. The experiment was repeated three times. Data are presented relative to the expression levels in control cells and expressed for triplicate samples as
means � the SD. **, P � 0.01. (B) mRNA expression of Tgl4 in the wild type (WT) and in the indicated mutant yeast cells were determined in triplicate samples
by quantitative PCR. (C) Wild-type and mutant yeast cells were incubated with or without (Control) 50 nM rapamycin (Rap) for 60 min, and the mRNA
expression of Tgl4 was determined and normalized based on the Tgl4 expression levels in the respective controls. Experiments were repeated three times, and data
are presented for triplicate samples as means � the SD.
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Egr1 (Krox24) and Egr2 (Krox20) (42). Although specific targets
of the Egr transcription factors remain largely unknown, this fam-
ily has recently been implicated in adipogenesis (43–45), insulin
resistance (46), and cholesterol biosynthesis (47). Furthermore,
two polymorphisms in Egr1 have been associated with impaired
lipid metabolism in humans (48). In order to determine whether
or not mammalian Egr1 and Egr2 can regulate expression of
ATGL, we analyzed their activity in vitro toward ATGL promoter
deletion constructs shown in Fig. 1. We found that Egr1 is a potent
inhibitor of ATGL transcription in vitro, whereas Egr2 is signifi-
cantly less effective (Fig. 3A and B). Note that Egr1 exerts a nega-
tive effect on the “minimal” 48-bp ATGL promoter (Fig. 3A) that
has a consensus Egr1 binding site (Fig. 3C) (see also references 35
and 49). Indeed, the replacement of five nucleotides in this site for

T’s strongly decreases the inhibitory effect of Egr1 on the activity
of both full-size and minimal ATGL promoters but does not
change the effect of Egr2 (Fig. 3D).

Since the same proximal region of the ATGL promoter is re-
sponsible for the transcriptional inhibition by mTORC1 (Fig. 1)
and Egr1 (Fig. 3A), we hypothesize that mTORC1 and Egr1 are
engaged in the same regulatory pathway. In support of this idea,
we found that the expression of Egr1 is very low in wild-type MEFs
but is significant in TSC2�/� MEFs (Fig. 3E), which may explain
the results shown in Fig. 1. Also, rapamycin inhibits the expression
of Egr1 in TSC2�/� MEFs (Fig. 3E).

In order to test the newly discovered regulatory link between
mTORC1, Egr1, and ATGL in physiologically relevant cells and
conditions, we analyzed the effect of insulin in cultured adi-

FIG 3 Egr1 suppresses ATGL promoter activity. 293T cells were transfected with different lengths of mouse ATGL luciferase promoter constructs, together with
eGFP. Cells were cotransfected with either Egr1 cDNA (A), Egr2 cDNA (B), or empty vector (EV). The luciferase activity in cell lysates was assayed as described
in Materials and Methods and normalized based on the GFP fluorescence. Experiments were repeated three times, and data are presented for triplicate samples
as means � the SD. (C) Schematic representation of the proximal region of ATGL promoter with the consensus Egr1 binding site. Nucleotides that have been
chosen for the site-directed mutagenesis are underlined. (D) Conserved nucleotides �44, �42, �41, �40, and �36 in the ATGL promoter (underlined in panel
C) were substituted by T’s as described in Materials and Methods. HEK293T cells were transfected with wild-type (wt) or mutant (mt) ATGL luciferase promoter
constructs, together with eGFP. Cells were cotransfected with Egr1 or Egr2 or empty vector (EV) and analyzed as described for panels A and B. (E) Wild-type and
TSC2�/� MEFs were treated with 100 nM rapamycin (Rap) for 48 h. Total cell lysates were analyzed by Western blotting for Egr1. Actin served as a loading
control. *, P � 0.05; **, P � 0.01 (all panels).
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pocytes. We have found that, in basal 3T3-L1 adipocytes, the ex-
pression of Egr1 is very low and is virtually undetectable. Insulin
administration causes dramatic but transient induction of Egr1 in
these cells (Fig. 4A) (see also reference 50). In agreement with
several previously published reports (19, 25, 51), we have found
that insulin inhibits ATGL expression (Fig. 4A). Note that sup-
pression of ATGL mRNA and protein by insulin takes place after
induction of Egr1 (Fig. 4A) and is completely preventable by the
transcriptional inhibitor actinomycin D (Fig. 4B), suggesting that
inhibition of ATGL expression is mediated by the de novo-synthe-
sized Egr1. Indeed, infection of 3T3-L1 adipocytes with adenovi-
rus carrying the Egr1 gene inhibits the expression of ATGL (Fig.
4C), as well as basal and isoproterenol-stimulated lipolysis (Fig.
4D). In order to confirm the direct interaction between Egr1 and
the ATGL promoter, we carried out a ChIP experiment. We have
found that, after insulin stimulation, endogenous Egr1 specifically
interacts with the endogenous ATGL promoter in cultured adi-
pocytes (Fig. 4E).

Insulin-stimulated induction of Egr1 in adipocytes is medi-
ated, at least partially, by mTORC1 as rapamycin and PP242 in-
hibit this effect (Fig. 5A). In parallel, both inhibitors block the
negative effect of insulin on ATGL expression (Fig. 5A) and lipol-
ysis (Fig. 5B) in insulin-treated adipocytes.

In order to confirm the connection between mTORC1 and
Egr1, we determined the effect of nutrients on the expression of
Egr1 mRNA in the absence and in the presence of insulin. We
found that withdrawal of nutrients blocked insulin-stimulated in-
duction of Egr1 mRNA (Fig. 5C). On the contrary, treatment of
cultured 3T3-L1 adipocytes with leucine alone activated the
mTORC1 pathway and stimulated Egr1 expression (Fig. 5D).

In the next experiment, we analyzed protein expression in mice
that received a high-fat diet for 14 weeks. As reported earlier (52),
the activity of mTORC1 in the fat tissues of these animals is in-
creased (Fig. 6A). According to our model, activation of mTORC1
should decrease expression of ATGL, and ATGL levels are indeed
decreased in mice fed high-fat diet (Fig. 6A). This observation,
although supportive of the previous findings (41, 53), may seem to
contradict a well-known fact that plasma FFA are commonly in-
creased in obesity (10). This, however, may reflect the overall in-
crease in adipose tissue, whereas lipolysis normalized per kg of fat
mass is actually decreased in obesity (reviewed in reference 54), a
finding consistent with results shown in Fig. 6A. Finally, we have
determined, by qPCR, that a high-fat diet increases the expression
of Egr1 (Fig. 6B).

Thus, our experiments identify the evolutionarily conserved
mTORC1-Egr1-ATGL regulatory axis (Fig. 6C) as a novel mech-

FIG 4 Insulin-dependent Egr1 expression controls ATGL expression in 3T3-L1 adipocytes. (A) Differentiated 3T3-L1 adipocytes were treated with 100 nM
insulin for the indicated periods of time. (Top panel) The levels of ATGL and Egr1 mRNA were determined in triplicate by quantitative PCR and normalized
based on 36B4 mRNA. (Bottom panel) Total cell lysates were analyzed by Western blotting for Egr1 and ATGL. Actin served as a loading control. (B) 3T3-L1
adipocytes were treated with 100 nM insulin in the presence or absence of actinomycin D (AcD; 0.2 �g/ml) for 16 h. Total cell lysates were analyzed by Western
blotting for ATGL. Perilipin served as a control for AcD action, and cellugyrin and actin served as loading controls. (C) 3T3-L1 adipocytes were infected with
adenovirus expressing Egr1 (AdEgr1) and GFP (AdGFP) and cultured for 48 and 72 h. Total cell lysates were analyzed by Western blotting for Egr1 and ATGL.
Actin served as a loading control. (D) 3T3-L1 adipocytes infected with adenovirus expressing Egr1 (AdEgr1) and GFP (AdGFP) and cultured for 48 h. Cells were
then incubated in phenol red-free DMEM with 2% fatty acid-free BSA without (white bars) or with (black bars) 10 �M isoproterenol (Iso) for 2 h. Glycerol was
measured in medium aliquots in triplicate and normalized by protein concentration in whole-cell lysates. Data are expressed as means � the SD. (E) ChIP assays
were performed in 3T3-L1 adipocytes treated with 100 nM insulin for 4 h. Genomic fragments were immunoprecipitated with antibody against Egr1 or rabbit
IgG, amplified by PCR, separated in a 3% agarose gel, and visualized by ethidium bromide staining.
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anism of the antilipolytic effect of insulin. We want to emphasize
here that our results do not negate the previously established
mechanism of short-term insulin action on lipolysis by inhibition
of cAMP-mediated signaling to HSL and perilipin (9, 23, 24).
Rather, these findings demonstrate a new level of such regulation
that is essential for better understanding and restraining the met-
abolic disease. For example, the downregulation of ATGL via this
pathway may represent an essential compensatory mechanism
that may be needed for maintaining physiological concentrations
of circulating FFA in obesity.
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